Pyrimethanil (PYM) is a fungicide used pre-and post-harvest on many crops. It has a low acute toxicity but is of toxicological concern because of its antiandrogenic properties. The aim of the current work was to investigate some metabolism and estimate elimination kinetics of PYM in humans after experimental oral and dermal exposure. A liquid chromatography triple quadrupole mass spectrometry (LC-MS-MS) method was developed and validated for the analysis of PYM and its metabolite 4-hydroxypyrimethanil (OH-PYM) in human urine.
Introduction
Pyrimethanil (PYM) is a pre-and post-harvest fungicide, used on fruits and vegetables. PYM was first introduced in the 1990's and has a mode of action that is different from many other fungicides (1) . It controls sporulation in the pathogens by inhibition of both the methionine biosynthesis and secretion of cell wall degrading enzymes.
Agricultural work involves a risk of exposure to pesticides like PYM. The general population may also be environmentally exposed, mainly via diet, although dermal exposure cannot be completely ruled out due to handling of foods treated with PYM. PYM has a low acute toxicity in humans but adverse effects have been reported in animal studies. These effects are primarily seen on the main target organs of PYM, the liver and the thyroid (2, 3) . It is of toxicological concern as it has been found (in vitro) to be an endocrine disruptor and seems to disrupt the thyroid-pituitary homeostasis in rodents (4, 5) .
In the risk assessment of pesticides, all routes of exposure, namely -oral, dermal and inhalation -should be considered (6) . Biomarkers of exposure take all these routes into account and give an estimate of the internal exposure. However, a biomarker needs to be validated for its intended use (7) . Studies on the uptake of PYM through these different routes in humans are lacking, a short coming in the view of safety control among agricultural workers. Further, there is a need for human studies of the exposure-response relationship. In animal studies, 4-hydroxypyrimethanil (OH-PYM) is reported as the major metabolite of PYM and is mainly excreted in urine. The parent PYM undergoes aromatic oxidation to form OH-PYM, which forms conjugates with sulfonate and glucuronic acid (3) . Currently, there is no established exposure biomarker for PYM in humans.
The aim of this work was to estimate basic elimination kinetics and some metabolites of PYM in humans via the oral and dermal routes. The elimination kinetics of PYM was investigated by measuring one major metabolite in urine. A further objective was to develop and validate an LC/MS/MS method for the analysis of OH-PYM in human urine. In addition, our method was applied to determine the PYM exposure by measuring OH-PYM in environmentally and occupationally exposed populations in southern Sweden.
Experimental

Chemicals and materials
PYM, 4, 6-dimethyl-N-phenyl-2-pyrimidinamine, was purchased from Dr Ehrenstorfer (Augsburg, Germany). The metabolite OH-PYM, 4-[(4,6-dimethyl-2-pyrimidinyl) amino] phenol and the internal standard (IS) [ 2 H 4 ] OH-PYM were purchased from Toronto Research Chemicals (North York, ON, Canada). Acetic acid (glacial) was from Fisher Scientific (Loughborough, UK). Methanol and acetonitrile (hyper grade for LC-MS), ammonium acetate (EMSURE ACS, Reag. Ph Eur) and ammonia (25%) were from Merck (Darmstadt, Germany). β-glucuronidase/arylsulfatase from Helix pomatia and β-glucuronidase from E.Coli were both purchased from Roche Diagnostics Scandinavia AB (Bromma, Sweden). Formic acid (FA) was from Sigma-Aldrich Inc. (St. Louis, MO, USA). Solid phase extraction (SPE) columns, silica-based ISOLUTE ® −96 ENV + 50 mg fixed-well plate were from Biotage (Uppsala, Sweden).
Instrumentation
The samples were analyzed using a triple quadrupole linear ion trap mass spectrometer, equipped with TurboIonSpray source (QTRAP 5500; AB Sciex, Foster City, CA, USA) coupled to a liquid chromatography system (UFLC RX , Shimadzu Corporation, Kyoto, Japan). The analysis was performed by selected reaction monitoring (SRM) in the positive ionization mode. The data acquisition and processing was performed using the Analyst software (AB Sciex). The LightSight Software 2.2.1 (AB Sciex) was used for prediction of metabolites of PYM in urine. The ion scans were acquired on a quadrupole time-of-flight mass spectrometer (QTOF; TripleTOF 5600, AB Sciex,) coupled to an LC system (UFLC RX , Shimadzu Corporation).
Preparation of samples
The sample preparation is described in detail in Supplementary data. The urine samples were thawed and aliquots of 500 μL were pipetted into 2 mL 96 well-plates. For calibration standards, PYM and OH-PYM were accurately weighed in 10-mL flasks in duplicates and dissolved in methanol. These stock solutions were diluted to final concentrations in the range of 10-4,000 ng/mL. A blank urine sample obtained from a healthy volunteer was spiked to prepare the calibration standards ranging from 0.25 to 100 ng/mL urine. For quality control (QC) samples, the blank urine sample was spiked with PYM and OH-PYM to give final concentrations of 1, 5 and 10 ng/mL. The QC samples were prepared in bulk (50 mL each) for the three concentrations and stored at −20°C as 2-mL aliquots to facilitate for a single use.
The urine samples, calibration standards, QCs and chemical blanks (prepared in milli-Q water) were added with 150 μL of 1-M ammonium acetate buffer (6.5 pH), 10 μL β-glucuronidase/arylsulfatase enzyme and 10 μL IS. The plates were covered with silicon mats (Sealing Mat, 96 square well, Kinesis, Cambridgeshire, UK), vortexmixed and incubated overnight at 37°C with agitation. Further, the samples were applied on the 96-well SPE plate (silica-based ISOLUTE ® −96 ENV + 50 mg fixed-well plate) which was preconditioned with methanol and water. The samples were applied thereafter and washed with water and 1% acetic acid in 40% methanol. The analytes were eluted into a 96-well plate using 1 mL of 5% ammonia (v/v) in acetonitrile. The 96-channel equipment CEREX 96 was used to aid extraction. The eluted samples were mixed and centrifuged at 3000 x g for 10 min before analysis.
Analysis
The chromatographic separation was carried out on a Poroshell 120EC-C18 column (4.6 × 100 mm, 2.7 μm, Agilent Technologies, Santa Clara, CA, USA). The chosen column provided a good separation of PYM and OH-PYM with stable retention times. were selected as qualifier ions. The mobile-phase consisted of 0.1% formic acid in milli-Q water as (A) and 0.1% formic acid in methanol as (B). The sample injection volume was 3 μL and the flow rate through the column was 0.7 mL/min. The column temperature was maintained at 40°C. The mobile-phase gradient started with 30% mobile-phase B, followed by a linear gradient to 95% and held at 95% for 1.0 min before equilibration. The total analytical run time per sample, including equilibration, was 7.0 min. The analysis is described in detail in Supplementary data. All the samples were prepared and analyzed in duplicates. Each sample batch consisted of eight calibration standards, a urine blank and two sets each of QCs and chemical blanks.
Experimental exposure of volunteers
Two healthy non-smoking volunteers, one female (age: 69 years, weight: 57 kg) and one male (age: 45 years, weight: 75 kg) gave their written informed consent to participate. The volunteers were not under any medication during the study period and had minimized the intake of conventionally grown food.
Oral exposure
The volunteers received a single oral dose of PYM, which was equivalent to 50% of the accepted daily intake (ADI), which is 0.17 mg/kg/day (2) . PYM was dissolved in 10 mL of ethanol to a concentration of 2 mg/mL, which was used as a stock solution. An organic cranberry juice (250 mL) was spiked with the appropriate amount of PYM to give a dose of 4.85 mg and 6.37 mg, for the female and male, respectively.
Dermal exposure
The volunteers received a single application of PYM on a 50-cm 2 area on the inner side of the forearm. The dermal exposures were performed 12 weeks after the oral exposures. The dose of PYM was equivalent to 50% of the ADI as above. A volume of 658 μL and 866 μL, for the female and male volunteer respectively, was drawn from a 7.4 mg/mL stock solution of PYM and administered topically on the forearm. The application was administered in a vehicle of 75% (v/v) ethanol and 25% milli-Q water. After the application, the vehicle was evaporated to dryness and the skin was occluded with aluminum foil. After 8 h of exposure, the remainder of the dose was wiped off with cotton swabs moistened with the vehicle. Thereafter, the exposed area was tape-stripped using self-adhesive gauze (Fixomull ® , BSN medical GmbH, Hamburg, Germany). Fifteen tapes cut in pieces of 10 × 5 cm, the size of the exposed area, were applied on the skin one after the other, and stripped off using clean forceps. The aluminum foil, swabs and tapes were stored separately. The aluminum foil was extracted in 50 mL and the swabs and tapes in 20 mL of methanol. The extracts were analyzed using a simplified method without using the enzyme hydrolysis step and SPE extraction, to quantify the amount of PYM in the aluminum foil, swabs and tapes.
In both experiments, a pre-exposure urine sample was collected from each volunteer immediately before the exposure. Urine was voided at 1-h intervals for the first 8-h after the exposure and henceforth, all voided urine was collected ad libitum up to 120 h. The time of voiding and the total volume of each sample were registered and all the samples were stored at −20°C until analysis.
Estimation of elimination half-life
The quantified concentrations of OH-PYM in the urine obtained from the oral and dermal exposure experiments were used to estimate the elimination half-life. The half-life of OH-PYM was calculated by the slope of the curve obtained from the plot of the natural log-linear concentration versus mid-time points between two sample collection times.
Optimization of enzyme hydrolysis
The suitability of enzyme for hydrolysis of urine was tested using urine obtained from the exposed volunteers. Ten samples each from the oral and dermal exposure, which contained high concentrations of OH-PYM, were selected from both volunteers. Two sets of aliquots (500 μL) were analyzed. One set was hydrolyzed using 20 μL β-glucuronidase and the other set was hydrolyzed with 10 μL β-glucuronidase/arylsulfatase. The samples were incubated overnight at 37°C and were extracted and analyzed using the method described. To test the enzyme efficiency, the concentrations of OH-PYM in the samples treated with β-glucuronidase were compared with those treated with β-glucuronidase/arylsulfatase.
To test the optimum time for enzyme hydrolysis, a urine sample obtained from one of the exposed volunteers containing high concentrations of OH-PYM was incubated with β-glucuronidase/arylsulfatase at four incubation time-points. At each time-point, an aliquot (500 μL) of the sample was prepared and incubated. The incubation experiment began in the reverse manner with the 48 h time-point as first incubation followed by 24, 12 and 6 h. The concentration of OH-PYM was determined in the samples and compared to select the optimum incubation time for the hydrolysis. The detailed descriptions of both experiments are presented in Supplementary data.
Urinary metabolites of PYM
The urine obtained from the exposed volunteers was used to study the biotransformation products of PYM. The samples without enzyme de-conjugation were injected into the LC-MS-MS and separation was performed as described in the analysis section. The LightSight ® software was run in parallel with the system for mass spectrometric data acquisition. The software scanned for predicted metabolite mass ranges, based on the Phase I and Phase II biotransformation pathways, to create a list of possible metabolites. Based on the information dependent acquisition, the software created optimized SRMs for the detected metabolites. The metabolites were selected from this list by analyzing the peak intensity and detection of the peaks in urine obtained from both volunteers at different time-points. A QTOF coupled to an LC system was used to acquire product ion scans (PIS) of the selected metabolites. The metabolites were separated using the method as described in the analysis section. The PIS were acquired in the positive mode with collision energy 30 V and a declustering potential of 80 V. The acquired PIS of the potential metabolites were compared with the PIS of the pure standards of PYM and OH-PYM for identification.
Correction for urinary dilution
The creatinine concentrations and density were determined in all the urine samples for dilution correction. The creatinine concentrations were determined using an enzymatic method (8) , and were performed at the Department of Clinical Chemistry, University Hospital, Lund. The department has accreditation for creatinine analysis. Density was measured using a hand refractometer and the adjustment for urinary density, C d , was calculated according to
is the concentration of the analyte in the urine sample, ρ mean is the mean specific density of the samples from volunteers and ρ sample density is the specific density of the sample.
Biomonitoring of PYM in Swedish populations
Environmentally exposed population A morning void urine sample was collected in 2005-2011 from participants (n = 413) representing a general population in the south of Sweden, to assess the environmental exposure to PYM, likely mainly via diet. The population included participants (278 females and 135 males) residing in urban and rural areas, with a median age of 50 years (range 15-86 years).
Occupationally exposed population A group of 20 apple growers and other horticulturists from southern Sweden were recruited in 2012-2015 and 109 urine samples were collected to assess occupational exposure. Spraying with PYM was performed repeatedly during each season.
The described analytical method was applied to determine OH-PYM in both populations. The studies will be published in detail elsewhere.
Results and discussion
Experimental exposure of volunteers
Oral experimental exposure In the pre-exposure sample, the concentrations of OH-PYM were close to the LOD (0.1 ng/mL) in the urine from both volunteers. After the oral exposure to PYM, the urinary concentrations of OH-PYM increased rapidly and the C max was reached within 1-3 h (Table I ). The maximum level of OH-PYM (density adjusted) was 12 μg/mL and 10 μg/mL, in the female and male volunteer, respectively. The urinary elimination of OH-PYM seemed to follow firstorder kinetics and a two-phase excretion. Figure 1A shows the elimination curves (density adjusted) of OH-PYM after oral exposure. The creatinine adjusted, urinary volume adjusted and the raw elimination kinetics plots are presented in Supplementary Figures S1A, S2A and S3A, respectively, in Supplementary data. The estimated half-lives of OH-PYM for both volunteers are presented in Table I . A total of 80 and 77% of the dose were recovered as OH-PYM, in the urine of the female and male volunteer, respectively. Within the first 24 h, 79 and 77% of the dose was excreted in the female and male volunteer, respectively. The data indicate extensive metabolism of PYM to conjugated OH-PYM. No free PYM or free OH-PYM was detected in the urine samples.
Dermal exposure experiments
After exposure, the urinary concentrations of OH-PYM increased rather rapidly and C max was reached within 10-12 h after exposure (Table I ). The maximum level of OH-PYM (density adjusted) was 0.6 μg/mL and 0.9 μg/mL, in the female and male volunteer, respectively. The urinary elimination of OH-PYM followed first-order kinetics and a two-phase excretion also here ( Figure 1B) . The estimated half-lives of OH-PYM are presented in Table I . The creatinine adjusted, urinary volume adjusted and the raw elimination kinetics plots are presented in Supplementary Figures S1B, S2B and S3B, respectively (Supplementary data). The recovery of OH-PYM in urine was 9.4% and 19%, in the female and male volunteer, respectively, of the total dose administered on the skin. A significant part of the dose was excreted within the first 24 h. No free PYM or free OH-PYM was found in any of the urine samples. Of the total administrated dose, 39% and 26% were recovered as parent PYM in the aluminum foil, swabs and tapes, from the female and male volunteer, respectively. Thus, after subtracting the dose found in the aluminum foil, swabs and tapes from the total applied dose (considering that the dose was not available for absorption), OH-PYM recovered in the urine was 16% and 26%, respectively, in the female and the male volunteer. The results are in agreement with the conclusions of the EFSA report that were based on an in vitro dermal absorption study performed on human skin samples and a mathematical skin permeation model (9) . The concentrations of PYM in the tape extracts decreased serially from the first to the 15th tape (Suppementary Figure S4) . The extracts from the 15th tape contained 4 and 2 μg/tape of PYM in the female and male, respectively. This indicates penetration of PYM into the skin.
The physicochemical characteristics of a substance, the choice of vehicle, the use of occlusion and the application area may affect the dermal absorption of compounds. The skin of the forearm is less permeable than the forehead and the neck (10). However, we chose the inner forearm as the site of exposure since it was convenient and is commonly used in dermal exposure studies (11) . Washing of the skin after exposure (6) and the tape stripping, may also have affected the absorption of PYM.
Optimization of enzyme hydrolysis
β-glucuronidase/arylsulfatase was found to be more effective in deconjugation of OH-PYM, and the quantified concentrations were much higher than those obtained by using β-glucuronidase only, Supplementary Table SIII. A hydrolysis period of 6 h was found to be sufficient to facilitate de-conjugation reaction. However, an overnight incubation was chosen, because it was practical for our workflow and there was no difference in the concentrations between the two incubation times. The degradation of analytes during enzyme hydrolysis was tested using blank urine spiked with 25 ng/mL of OH-PYM. The samples were incubated continuously in triplicates at 37°C, from 0 to 144 h at five time points (0, 24, 48, 72 and 144 h). The OH-PYM seemed stable up to 72 h. The results are presented in Supplementary Figure S5 .
Urinary metabolites of PYM
Our investigations suggested that the major biotransformation pathway of PYM was the formation of OH-PYM via aromatic oxidation, as reported in animal studies (3). In both the oral and dermal exposure experiments, OH-PYM was found as a conjugate of sulfonate (m/z = 296.07) and glucuronic acid (m/z = 392.15). The mass Table I . The estimated elimination half-life of OH-PYM in urine of two volunteers following oral and dermal exposure to PYM. The dose of PYM was 0.085 mg/kg of body weight which is equivalent to 50% of ADI. The half-life of elimination (t ½ ) in urine was estimated from the slope of the plot of natural log-transformed concentration versus mid-time points and the correlation coefficient (r) is obtained from the curve. C max is the maximum urinary concentration of OH-PYM (density adjusted) at T max , which is the time of maximum excretion. spectra of the conjugates are presented in Supplementary Figure S6 . No free OH-PYM or PYM was detected.
The data indicate that the most common conjugation of OH-PYM was with sulfonates. This was tested by quantifying OH-PYM in the urine of the exposed volunteers after hydrolysis with β-glucuronidase and β-glucuronidase/arylsulfatase. The sulfonation was above 98% and 95% in the female and male volunteer, respectively, in both the exposure studies (Supplementary Table SIII ). The interindividual difference of sulfonation between the two volunteers, although small, may be related to various factors that can affect sulfotransferase activity (12) .
Less than 10% of other metabolites have been reported in rat studies; they were formed by oxidation at different sites on the rings of PYM or by oxidation of the methyl group (3). In our work, such metabolites were not found. No parent PYM or its conjugates with sulfonate (expected m/z = 280) or glucuronic acid (expected m/z = 376) were found in our study, which is similar to reports from animal studies (3). Furthermore, our results did not indicate the presence of free di-oxidated metabolite (expected m/z = 232) of the parent PYM or conjugation of di-oxidated PYM with sulfonate (expected m/z = 312) or glucuronic acid (expected m/z = 408); such metabolites have been reported in animal studies.
Correction for urinary dilution
The correction for urinary dilution with density and creatinine gave a better correlation (r) of OH-PYM in the elimination half-life plots when compared to the unadjusted values. Hence, correction for urinary dilution is recommended; correction both with density and with creatinine may be applied. Factors such as age, sex, BMI and diet can affect density and creatinine values. Urinary creatinine excretion may be higher in young adults as compared to children and older age groups. Further, males often have higher creatinine excretion than females (13) . These differences may be due to the body composition and muscle mass. However, studies suggest urinary creatinine to be more affected by these factors than urinary density (14) . Hence, correction with urinary density may be the appropriate choice in population studies with mixed genders and diverse age groups (15); however, the density measurement is difficult to automate.
Method validation
Specificity A chromatogram of urine obtained from a dermally exposed volunteer showing a peak of OH-PYM (transition m/z 216.1/107.0) quantified to 12 ng/mL is presented in Supplementary Figure S7A . The specificity of the analytical method was tested by analyzing blank urine obtained from 10 healthy volunteers. Blank urine was extracted by SPE and analyzed without IS to test for possible interferences caused by other compounds present in the matrix. No interfering signals with the analyte were observed. A chromatogram of a blank urine obtained from a healthy volunteer is presented in Supplementary Figure S7B . Also, the signal of OH-PYM in a blank urine spiked with 50 ng/mL did not seem to cause any interference with the IS, transition m/z 220.1/111.0 (Supplementary Figure S7C ). An analyte-free urine spiked with 5 ng/mL of IS [ Figure S7D) .
Linearity
The linearity was determined by replicate analyzes of the calibration standards over a period of 18 months. The slopes of the regression lines were calculated using the mean slope and the coefficient of correlation (r 2 ). For the calibration standards ranging from 0.25 to 100 ng/mL, excellent linearity was observed. The correlation coefficient (r 2 ) observed for OH-PYM was above 0.995. The mean slope of the calibration lines (n = 8) for OH-PYM was 1.1 ± 0.1, and the intercept was 0.8 ± 0.3, at 95% confidence interval.
Limit of detection and quantification
Ten different blank urines collected from healthy volunteers were used to determine the LOD and LOQ. The LOD was calculated as three times and the LOQ as 10 times the standard deviation of the mean concentration of the peak at the analyte retention time. The LOD for both PYM and OH-PYM was 0.1 ng/mL and the LOQ was 0.4 ng/mL. The obtained LOD was low enough to detect PYM traces in the urine of general population (Supplementary Figure S8) .
Precision
The precision of the method was determined as within-run, between-run and between-batch precision and is presented as coefficient of variation (CV) in Table II . The within-run precision was determined by analysis of 10 urines spiked each with 1, 5 and 10 ng/ mL. The between-run precision was determined by duplicate analysis of QC samples, spiked with three concentrations of 1, 5 and 10 ng/mL with every analytical batch for a period of 18 months and expressed as CV. The between-batch precision was determined by comparing duplicate analyzes of 162 samples from the two exposure studies. The samples were prepared and analyzed in separate analytical batches. After analysis, the concentrations were grouped into three ranges, 0.1-10 ng/mL, 10-100 ng/mL and 100-9,300 ng/ mL. The CV was determined as previously described (16) . The determined within-run, between-run and between-batch precisions of OH-PYM were below 15% of the CV.
Matrix effects
A deuterium labeled IS was used in our method to compensate for the matrix effects. The matrix effects were studied at two concentrations of OH-PYM, by the post-extraction addition approach. The blank urine obtained from 10 healthy individuals were divided into two sets of aliquots and extracted by SPE. Then, one set containing 10 aliquots was spiked with 2.5 ng/mL of OH-PYM and a second set of 10 aliquots was spiked with 25 ng/mL of OH-PYM. IS was added to all the samples. After analysis, the peak area ratios of OH-PYM and IS were compared at both concentrations. The CV was below 15% at both concentrations, which was within our acceptable range. The results suggest a low matrix effect.
Recovery
The recovery of the method was evaluated at two concentrations of OH-PYM. Two sets containing 10 aliquots of blank urine were spiked with 2.5 ng/mL and 25 ng/mL of OH-PYM. Both the sets were extracted by SPE. Further, two sets containing 10 aliquots of blank urine each were first extracted and then spiked with 2.5 ng/ mL and 25 ng/mL of OH-PYM. All four sets were spiked with IS after SPE extraction. After analysis, the quantified concentrations were compared at both concentrations and the sets of aliquots spiked after the SPE extraction were considered as equivalent to 100% recovery. The average recovery of OH-PYM at 2.5 ng/mL and 25 ng/mL was 93% and 94%, respectively.
Stability
The QC samples spiked with OH-PYM at the three concentrations of 1, 5 and 10 ng/mL were stable for 18 months under storage at −20°C. The CV determined at all three concentrations was between 6 and 8%, and an estimated recovery of the spiked OH-PYM was between 100 and 115%. Additionally, both PYM and OH-PYM were found to be stable in the standard solutions (in methanol) for a period of 18 months, when stored at −20°C.
The details of the method validation are presented in Supplementary data.
Biomonitoring of PYM in Swedish populations
Environmentally exposed population In the general population in southern Sweden, 48% of the samples had concentrations of OH-PYM above the LOD of 0.1 ng/mL. All the uncorrected OH-PYM concentrations which were below the LOD were substituted with the lowest (above the LOD) density corrected value divided by the square root of two. The median (density adjusted) concentration was 0.1 ng/mL and the 95th percentile was 4 ng/mL. The highest concentration of OH-PYM measured in the population of 413 participants was 440 ng/mL. The concentrations found in the population were much lower than the maximum urinary concentrations found in the volunteers exposed to a single intake of 50% of ADI in the oral exposure experiment (12 and 10 μg/mL for the female and male volunteer, respectively). Hence, based on current knowledge, the general population in Sweden is much less exposed to PYM than 50% of the ADI.
Occupationally exposed population
Of the 109 urine samples supplied by 18 horticulturists, collected before and after as well as during the apple growth season from April to August, 96% had concentrations of OH-PYM above the LOD. The median (density adjusted) and 95th percentile was 8 ng/mL and 360 ng/mL, respectively, and the highest concentration measured was 1,350 ng/mL. The median concentration found in the apple growers' samples was close to 100 times higher than in the general population. Hence, it can be concluded that there is a marked occupational exposure to PYM in Swedish apple growers. However, the maximum concentration measured in the occupationally exposed population was lower than the orally exposed volunteers, if the numbers were to be extrapolated to a 100% ADI. Thus, based on current knowledge, health risks for PYM exposed apple growers are probably low (17) . Considering the relatively high skin penetration shown in the experimental study, we strongly advocate protective measures to be used, including such that protect the skin.
Conclusions
An LC-MS-MS method was developed for the quantification of OH-PYM, a metabolite of the parent PYM, in human urine. The Table II . The within-run, between-run and between-batch precision of the analytical method for OH-PYM determined at different concentrations. The precisions were determined using blank urine spiked with OH-PYM. range 100-9,300 1300 7.4
The within-run and between-run precisions at the three concentrations are expressed as a measure of coefficient of variation (CV) and recovery (%). The between-batch precision was calculated for the three concentration ranges, 0.1-10 ng/mL, 10-100 ng/mL and 100-9,300 ng/mL, using samples obtained from the experimental exposure of volunteers.
method showed a good precision and a limit of detection low enough to enable detection of OH-PYM in general populations.
The analytical method was applied for the analysis of urine samples obtained from the experimental exposure of two volunteers. The major urinary metabolite found after experimental exposure to PYM was OH-PYM, most of which was sulfonated. Its urinary excretion seemed to follow first-order kinetics and a two-phase excretion, after both oral and dermal experimental exposure. After the oral exposure, about 80% of the dose was recovered after deconjugation as OH-PYM and the density adjusted elimination halflives were 3-5 h (rapid phase) and 15 h (slower phase) in both volunteers. After the dermal exposure, 9-19% of the dose was recovered as OH-PYM and the density adjusted elimination halflives were 8 h (rapid phase) and 20-30 h (slower phase) in both volunteers. However, the data should be interpreted cautiously considering the limited number of volunteers and the existence of interindividual differences in metabolism and other characteristics.
Our method was also used for biomonitoring of PYM in environmentally and occupationally exposed populations. In the environmentally exposed population, OH-PYM was detected in urine of approximately 50% of the individuals. In the occupationally exposed population, 96% of the samples were above the detection limit. Thus, OH-PYM is proposed to be a suitable urinary exposure biomarker of PYM.
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